The high altitude glacierized regions of the Tibetan Plateau (TP) are influenced by carbonaceous aerosols from local sources and long range transport from the adjoining areas. Deposition and accumulation of light-absorbing carbonaceous matters on glacier surfaces can alter the energy balance of glaciers. In this study, two years Atmos. Chem. Phys. Discuss., https://doi
Source attribution analysis using a global aerosol-climate model, equipped with a BC source tagging technique, suggests that East Asia emissions, including local sources, 25 have the dominant contribution (over 50%) to annual mean near-surface BC at the two sites. There is also a strong seasonal variation in the regional source apportionment.
South Asia has the largest contribution during the pre-monsoon season, while East Asia dominates the monsoon season and post-monsoon season. Results in this study have great implications for accurately evaluating the influences of carbonaceous 30 Atmos. Chem. Phys. Discuss., https://doi.org /10.5194/acp-2017-865 Manuscript under review for journal Atmos. Chem. Phys. Discussion started: 24 October 2017 c Author(s) 2017. CC BY 4.0 License.
Introduction
Carbonaceous aerosols play an important role in Earth's climate system and energy 5 budget (Bond et al., 2013; Schuckmann et al., 2016) . It has sophisticated/complex effects on the health of human and living organisms (Jerret et al., 2005) , visibility, atmospheric radiative balance, and the surface albedo of snow and ice. Carbonaceous aerosol is an aggregate of thousands of species with various thermal, physicochemical and optical properties (Andreae and Gelencsé r, 2006; Cheng et al., 2011a) . In the 10 atmosphere, carbonaceous aerosols affect the radiative balance by absorbing and scattering solar radiation and affecting the properties of clouds (IPCC, 2013; Lohmann and Feichter, 2005; Carslaw et al., 2010) . In the cryosphere, deposition of carbonaceous matter on snow and glaciers reduces the surface spectral albedo (snow darkening) (Flanner et al., 2009; Doherty et al., 2013; Qian et al., 2015; Niu et al., 15 2017a) and accelerates snow/glacial melting (Hansen and Nazarenko, 2004; Xu et al., 2009a) .
Carbonaceous matter in smoke/emissions from biomass burning and fossil fuel combustion has been identified as the typical atmospheric pollutant since historical period (Brimblecombe, 1987) . Recently, scientific attention has shifted from the role 20 of carbonaceous matter as atmospheric pollutant to its influence as one of driving factors of climate change (Andreae, 1995; Andreae and Gelencsé r, 2006; Hansen et al., 2005; Ramanathan et al., 2005) . Some model simulations proposed that the radiative forcing of black carbon (BC) is comparable to that of methane (Chung and Seinfeld, 2005; Jacobson, 2004) , suggesting that BC may be the second most important 25 warming agent (only after CO 2 ) in terms of direct radiative forcing (Jacobson, 2001 absorbing aerosols over eastern China during winter and spring were found to be the major reason for the observed recent warming trend (Yu et al., 2001) . BC in snow can increase the surface air-temperature by approximately 1.0 • C over the Tibetan Plateau (TP) and reduce spring snow cover (Qian et al., 2011) . Generally, sampled carbonaceous aerosols can be divided into elemental carbon (EC) and organic carbon 5 (OC) using thermal/optical reflectance (TOR) method (Cao et al., 2010; Chow et al., 1993) , and EC is usually used synonymously with BC (Chen et al., 2011; Ming et al., 2013; Xu et al., 2009b) . Moreover, in the low-latitude and high-elevation areas, extensive incoming solar radiation and large amount of carbonaceous aerosol deposited on snowpack and glaciers result in surface albedo reduction and the retreat 10 of glaciers in the TP, and further affect Asian hydrological cycle and monsoon climate (Qian et al., 2011; Qu et al., 2014; Li et al., 2016a) . This is closely related to water resources for billions of local habitants in South Asia (Ramanathan et al., 2005 (Ramanathan et al., , 2007 .
Therefore, it is rather important and necessary to carry out carbonaceous aerosol study in glacierization regions.
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The mass absorption efficiency (MAE, m 2 g -1 ) is a typical parameter characterizing the optical (or light absorbing) properties of aerosols. For BC particles it is determined by the mass concentration (g m -3 ) and absorption coefficient (b abs , Mm -1 ) of BC (Liousse et al., 1993; Chen et al., 2011) , where b abs is the cross section of BC available to absorb light Knox et al., 2009) . MAE of BC 20 is usually estimated using quartz filter based methods, which detect the change in the light transmittance through a quartz filter due to the presence of BC particles (Sharma et al., 2002; Knox et al., 2009; Cheng et al., 2011a) . suggested a mass-normalized MAE of 7.5±1.2 m 2 g -1 at 550 nm for uncoated aerosol particles. However, Ram and Sarin (2009) studied the b abs and MAE of BC in aerosols 25 sampled at three typical sites in India, and they found a distinct spatio-temporal variability in b abs and BC MAE on a regional scale. Discrepancies are sometimes inevitable for the filter based techniques related to aerosol-filter interactions (Cheng et al., 2011a; Ssandradewi et al., 2008) . Moreover, the MAE of BC can be largely influenced by the aerosol mixing state Doran et al., 2007; Jacobson, 30 Schnaiter et al., 2005) . It was proposed that non-carbon species (e.g., sulphate, nitrate) can increase the MAE value of BC (Knox et al., 2009) because the coating by other components can focus light into the BC core of the particle (Bergstrom et al., 1982; Cheng et al., 2011a) . Enhancement of MAE by coating can be described in terms of absorption amplification that is largely independent of coating thickness 5 (Schnaiter et al., 2005; Knox et al., 2009 
Material and methods

Study area and TSP sampling 25
The study area, Mt. Yulong (26°59′-27°17′ N, 100°04′-100°15′ E), is the southernmost glaciated mountain in the Eurasian continent (Fig. 1 Yulong is typically affected by the Indian summer monsoon and East Asian summer monsoon (Nie et al., 2017) in the monsoon season (June-September), and characterized by other three distinct seasons: post-monsoon (Oct. -Nov.), winter (Dec.
-Feb.), pre-monsoon (Mar. -May) season (Chen et al., 2015; Cong et al., 2015a; 5 Bonasoni et al., 2010; Niu et al., 2013) . Annual rainfall in Mt. Yulong occurs considerably (~80%) in the monsoons season (Fig. 2) . There is little rainfall in winter when the westerly jet dominates The TSP samples analyzed in this study were collected from December 2014 to December 2016 at these two sites using a particulate sampling apparatus (TH150-A, Wuhan Tianhong INST Group). The sampling apparatuses were placed 15 m above the ground, away from the surface dust and any specific pollutant sources.
Atmospheric air (and suspended particulates) was sampled at a flow rate of 100 L 25 min -1 and each sample was collected for 24 h using a stable vacuum pump, the sampling interval for each TSP sample was 6 days. The collected TSP samples were loaded on 90 mm (in diameter) pre-combusted (heating at 550 ℃ for 6 h in an oven) quartz fibre filters (Whatman Corp.).
After sampling, the quartz filters were wrapped with an aluminum foil and were Every filter was analyzed for a portion of carbon in a 0.502 cm 2 punch. A temperature peak (550 ℃) was designed to reduce measuring time that BC exposed in the catalyzing atmosphere. The applied heating conditions permitted the separation of BC portions in O 2 (2%) and helium (98%) atmosphere and OC portions in a helium atmosphere Niu et al., 2017a (2) where (OC/BC) min is the minimum OC/BC ratio in a specific set of data, OC pri 20 indicates the primary OC (or POC) content. SOC (i.e. OC sec ) is calculated as the difference between total OC content (OC tot ) and OC pri . The OC pri is constrained so that it may not exceed the OC tot (Yu et al., 2004 (Yu et al., , 2007 . The minimum OC/BC (OC-to-BC) ratio was suggested for use in the calculation of SOC concentration in several previous studies (Castro et al., 1999; Cong et al., 2015a; Ram and Sarin, 2015;  25 Pachauri et al., 2013) . Semi-empirical BC-tracer technique was employed in the SOC calculation, and OC sec was set to zero in cases where (OC/BC) pri > (OC tot /BC) (Yu et al., 2007) . These cases are indicative of model overestimations of (OC/EC) pri . The semi-empirical estimates of OC sec after screening for outliers are comparable to the empirical estimates, and sometimes are even superior to empirical estimates. (Ram and Sarin, 2009) . Lights passing through a particle-loaded and a blank 10 filter were simultaneously measured in the determination of ATN by the (thermal-optical reflectance) carbon analyzer. ATN determined by the carbon analyzer is similar to the Aethalometer (Cheng et al., 2011a) . Previous studies have demonstrated that ATN of blank quartz fibre filters averaged 0.00±0.01, suggesting that the ATN of loaded quartz filter could generally be ascribed to the existence of 15 light-absorbing carbon (Yang et al., 2009; Cheng et al., 2011a) .
MAE calculation
The mass absorption efficiency (MAE) is calculated as:
where BC s (g C cm -2 ) is the filter loading amount of BC, which is directly measured 20 from the thermal optical analysis. The filter-based determination of light absorption has many artifacts, though the various scattering effects can be properly corrected by an empirical factor, C. A value of C = 3.6 was proposed for the internally mixed atmospheric aerosol when employing thermal-optical analysis method in several studies (Weingartner et al., 2003; Doran et al., 2007; Ram and Sarin, 2009; Cheng et 25 al., 2011a) . The same empirical factor was also used in the optical measurement by the Aethalometer (Ram and Sarin, 2009 (Ram and Sarin, 2009 ) to the equivalent-MAE, Cheng et al. (2011a) has found that the equivalent-MAE was much lower in the regions severely affected by biomass burning (e.g., Allahabad, India).
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The dependence of light attenuation (ATN) detected at 632 nm on BC loading (BC s )
is shown in Fig. 3 , to identify the artifact relevant to filter-based measurements. found in the present study, and artifact associated with filter-based method was not identified and thus can be neglected.
Model experiment
We use a global aerosol-climate model, the Community Atmosphere Model version 15 5 (CAM5) equipped with a BC source tagging technique (Wang et al., , 2014 Zhang et al., 2015) , to help estimate the source attribution of BC measured at the two sites. The 4-mode modal aerosol scheme of CAM5 recently developed by Liu et al.
(2016) is used here, in which BC and primary OC particles are emitted into a primary-carbon mode. They then grow through condensation of gas-phase precursors 20 (e.g., sulfuric and organic gases) and move to the accumulation size mode, where hygroscopic aerosol particles, including carbonaceous aerosols, are subject to wet removal by precipitation.
The CAM5 experiment is conducted for five years (2010) (2011) (2012) (2013) (2014) at horizontal grid spacing of 1.9° × 2.5° and 30 vertical levels. The sea surface temperatures and sea ice 25 concentrations are prescribed with observations, and winds are constrained with reanalysis from NASA Modern Era Retrospective-Analysis for Research and Applications (MERRA) (Rienecker et al., 2011; Ma et al., 2013 
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This is somewhat uncharacteristic compared with the general seasonal variations of atmospheric chemistry (Kang et al., 2004 (Kang et al., , 2007 Niu et al., 2013 Niu et al., , 2016 . It is quite likely that the below-average rainfall and sporadic dust events during the monsoon in 2015 is responsible for this unusual phenomenon (i.e. relatively high content in monsoon season in 2015).
20
In comparison to Mt. Yulong, the trends of carbonaceous matter from the GHZ basin presented more distinct seasonal variations (Fig. 5) , i.e., the monsoon season regularly had the lowest concentrations of BC, OC, SOC, and POC. The OC/BC ratio was consistently opposite to that, e.g., higher values of OC/BC appeared in monsoon seasons. Lower ratio of OC/BC in the other seasons (winter, pre-monsoon, 25 post-monsoon) was probably attributed to the little material available for external-coating of BC, and the limited photochemical ability of OC during the non-monsoon season (Knox et al., 2009 ). In addition, seasonal changes in BC and OC sources (e.g., biomass burning vs. fossil fuel combustion) might play an important role for the variations of OC/BC ratios. Table 2 . The annual average BC concentration, 1.5 ± 0.9 g m -3 , is slightly lower than that from Mt. Yulong, BC deposition in high elevation areas of Mt. Yulong was primarily due to the long-range transport of biomass burning from South Asia by crossing the Himalayas (Bonasoni et al., 2010; Lüthi et al., 2014; 20 Cong et al., 2015a, b; Li et al., 2016a, b; Wang et al., 2015) . However, OC and SOC annual mean concentrations, 3.5 ± 1.5 g m -3 and 2.2 ± 1.4 g m -3 , respectively, were higher than those from Mt. Yulong. Therefore, carbonaceous matter associated with OC (e.g., SOC, POC) in the GHZ basin was mainly contributed from fossil fuel The OC/BC ratios at the two sites were relatively low, and they have distinct seasonal variations and spatial differences over the Mt. Yulong region. The annual 10 average value was 2.06 ± 3.38 for Mt. Yulong, with the highest value occurred in the pre-monsoon season (3.67 ± 5.7) and the lowest value in the post-monsoon season (0.79 ± 0.4) ( Table 1) . Monthly variation of the average OC/BC ratio was determined by the relative concentrations of BC and OC in aerosol, for example, the lowest OC/BC ratio occurred in post-monsoon was due to substantially high BC 15 concentrations in that season (Fig. 6 ). The annual mean OC/BC ratio in samples from the GHZ basin was 2.9 ± 1.8, while the monsoon season had the highest value (4.4 ± 2.0) and the winter season had the lowest value (1.93 ± 1.58) ( (Fig. 8 and 9 ), as well as agree well with the trend of OC/BC ratio (Fig.   9 ). MAE and POC/OC ratio, ATN, and BC s are negatively correlated. The definitely affect the BC MAE (Cheng et al., 2011a, b; Li et al., 2016c) . In addition, biomass burning and brown carbon (BrC) decrease the BC MAE. BrC is less absorptive comparing with pure BC (Cheng et al., 2011a) . BrC emitted from biomass burning considerably lower MAE values (Jeong et al., 2004 In addition, inter-annual differences of carbonaceous aerosol from Mt. Yulong and GHZ were also distinct (Fig. 10) . The annual mean concentrations of carbonaceous matter collected in 2016 were lower than those in 2015 for the two sites (Fig 10 a, b) , 
Source apportionments of carbonaceous aerosols
Aerosol vertical distributions from CALIOP retrievals often reveal that smoke 25 plume could reach approximately 6 km (Fig. 12) , which is higher than most of the mountains and mountain glaciers in the Himalaya regions. Some typical CALIOP/CALIPSO transections, having strong backscattering signal (i.e., 532 nm total attenuated backscatter), show spatially continuous atmospheric pollutant layers from the ocean all the way to Mt. Yulong (Fig. 12) , indicating a penetration of smoke CALIPSO profiles were obtained from (http://www-calipso.larc.nasa.gov). The CALIOP-derived reflectivity is usually taken as an indicator to reflect the structure of atmospheric layers since it dependents on mass concentration and optical properties of atmospheric aerosol (Bou et al., 2010; Dong et al., 2017a) . The topography is outlined by a solid red-line. Suspended dust and aerosol pollutants are in orange and red. 
